purchased from the local market. White rice was specifically selected due to high starch content, market availability and low price (Williams et al., 1958) . All experiments were conducted using same rice and malt stocks.
Determination of starch content
The starch content in malt and rice was determined using Fehling's method. The starch sample was digested with 20 ml of concentrated H2SO4 and neutralized with 0.1 N NaOH. This solution was volumed up to 250 ml and titrated with Fehling's A and B solutions to determine the sugar content. The starch concentration in the sample was calculated based on the sugar content.
Mashing process
The mashing process was based on previous research (Mallawarachchi, Bandara, Dilshan, Gunawardena, & Ariyadasa, 2016). Mass percentages of malt and rice were varies while keeping the total weight of malt and rice constant at 20 g. Initially malt and rice were ground separately for 5s at 14000 rpm using Jaipan IS-4250 grinder. Malt was ground without removing the husk while the husk of rice had been removed beforehand. The rice was gelatinized by cooking for 10 minutes at 100° C. Gelatinized rice was mixed with malt and 100 ml of water in conical flasks by thorough shaking. pH of the solution was adjusted by adding 0.5 M HCl or 0.5 M NaOH. The solutions were incubated in a water bath at selected temperature for 2 hours for the reactions to take place while stirring the solutions continuously. 1 ml of each sample was extracted at predetermined time intervals, and total fermentable sugar content was determined.
Determination of fermentable sugars
The fermentable sugars were determined using Phenol-sulphuric acid method, a colorimetric method based on the reaction of sugars with phenol and sulphuric acid producing colored derivatives (Albalasmeh, Berhe, & Ghezzehei, 2013; Buckee & Hargitt, 1978) . 1 ml of each sample was extracted using a pipette and diluted 500 fold using serial dilution method. 1 ml of 5% (w/w) phenol solution and 5 ml of concentrated H2SO4 was added to 1 ml of the diluted solution. The samples were thoroughly mixed by vortexing for 1 minute, incubated for 10 minutes at room temperature for colour development and cooled for 5 minutes in an ice bath. Their absorbance was measured using spectrophotometer (SHIMADZU UV-1800 Model) at 489 nm, the wavelength which gives highest absorbance for the phenol-sulphuric acid methid (Mallawarachchi et al., 2016). Absorbance readings were converted to concentration using a calibration curve prepared using standard sugar samples.
Analysis of results
Initially a statistical model was developed based on experimental results to select the optimum temperature and composition ranges. The data from these experiments were analyzed using the Surface Fitting Toolbox in Matlab ® by Mathworks. The effect of temperature and pH were further analyzed using the semi-empirical model based on Michaelis-Menten kinetics. The rice: malt ratio was kept constant at 30:70 as it gave the highest sugar yield, and the mashing curves were obtained at temperatures of 60° C, 65° C and 70° C and the pH values of 4.0 and 5.5. These temperature and pH ranges were selected to enclose the optimum conditions for both α and β amylase. Matlab® software was used to numerically determine the coefficients of the model. The model based on Michaelis-Menten kinetics was simulated using Simulink tool in Matlab ®. The coefficients of the model were determined by substituting a range of values for each coefficient, calculating the Sum of Squared Errors (SSE) and selecting the combination which minimized the SSE. Calculation of SSE was done using Microsoft Excel.
RESULTS AND DISCUSSION

Kinetic Model
According to Michaelis-Menten enzyme kinetics, an enzymatic reaction occurs in two steps: the reversible bonding of enzyme to the substrate forming enzymesubstrate intermediate, and conversion of enzyme-substrate intermediate into products. The second step is considered as the rate limiting step.
The rate of an enzymatic reaction is expressed by Michaelis-Menten equation. The effect of temperature on enzymatic performance is twofold. As the temperature increases, the kinetic energy of molecules will increase, thus increasing reaction rate. This is expressed by Arrhenius equation
On the other hand, high temperatures will lead to denaturation of enzymes, thus lowering the reaction rate. Kinetics for the thermal denaturation of enzymes are given by
Where kd also varies with temperature according to Arrhenius equation ( Since the same malt stocks are used for all experiments, the initial Amylase concentration is taken as proportional to the mass of malt. E0∝ mm As the solution is stirred continuously during the mashing process, it is considered that all the starch is present either in dissolved form or in suspension, without precipitating. Thus, all starch molecules in the solution are free to react with the enzyme. The substrate concentration remaining after a certain time can be written as a function of initial mass of rice, starch fraction by weight in rice, initial mass of malt, starch fraction by weight in malt, volume of sample and product concentration. Since the mashing process spans over a considerable period of time, the diffusion of substrate molecules is not considered as a rate limiting factor. Therefore, the substrate concentration can be expressed as
This model was simulated using the Simulink tool in Matlab ®. The Simulink representation of the model is shown in Figure 1 . 
Determination of starch content
Determination of starch contents in malt and rice was required to solve the mathematical model. According to the experimental results starch content of malt and rice were 63% (w/w) and 73% (w/w) respectively. These results agreed with the literature values of 58-64% starch for malt and 70-74% for rice ( 
Development of semi-empirical model
The objective of the experiment was to identify the optimum conditions for the mashing process. Initially, in order to estimate the optimum composition and temperature ranges, reaction time was kept constant at 2 hours and final sugar concentration was determined for different compositions and operating temperatures. Impact of temperature and rice content on sugar yield was analyzed using the surface fitting tool in Matlab ® as shown in Figure 2 . According to the surface obtained, the optimum temperature for the mashing process was 62° C and the optimum rice percentage was 30% (w/w). However, the sum of squared errors (SSE) for this model was 1183 and the co-efficient of determination (R 2 ) was 0.8984. The high SSE value and the considerable deviation of R 2 value from 1 implied that this statistical model was not highly accurate in predicting mashing behavior. Comparing the fitted curve with actual readings, it could be seen that although the model was accurate when the rice percentage was close to 35%, the curve was considerably deviated from experimental values in the temperature range of 60-65° C and the rice composition range of 28-32%. Therefore, a better model based on MichaelisMenten kinetics was required to predict the optimum conditions. Coefficients of the semi-empirical model were determined by substituting a range of values for each coefficient, calculating the SSE for each combination and selecting the combination which gave the minimum SSE. The temperature range for the experiments was selected as 50-70 0 C and pH range was selected as 4-7 so as to enclose the optimum temperature and pH ranges given in literature. 95.3% confidence intervals were constructed for each parameter based on the standard deviations in experimental results. Experimentally determined model coefficients at selected temperature and pH values are given in Table 1 . Based on the Arrhenius equation and the experimentally determined model coefficients, activation energies of each reaction were determined. Confidence limits for the activation energies were determined by calculating the activation energies corresponding to the highest and lowest values for the model coefficients. Formation of the product required an activation energy of 17848±627 kJ/kmol and the thermal denaturation needed an activation energy of 111848±5057 kJ/kmol. The activation energies for protonation of Asp231 group in Amylase and deprotonation of Glu 261 group in Amylase were 67964±13715 kJ/kmol and 160770±15992 kJ/mol respectively. All these activation energies were expressed as 95.3% confidence intervals. These activation energy values suggested that the rate limiting step was less affected by temperature compared to the protonation and denaturation of amylase. This agreed with the observation of rapid reduction in enzyme activity at higher temperatures as shown in Figure 2 , which suggested that the effect of denaturation has overtaken the effect of increase in kinetic energy when the temperature exceeded 65° C. According to literature the activation energy for denaturation is 77.6 kJ/mol for Bacillus subtilis α-amylase, which is a nonthermophilic α-amylase type with an optimum temperature of 40°C, and 316 kJ/mol for Pyrococcus furiosus α-amylase, which is a hyperthermophilic type of amylase ( The experimentally determined activation energy for denaturation of amylase was close to that of Bacillis subtilis α-amylase, which agreed with the rapid reduction in enzyme activity above 65° C. In order to further analyse the variation of Model cofficients with temperature and pH, the model coefficients at selected conditions were calculated based on expected values of activation energies. Those results are given in Table 2 . The experimental mashing curves showed that the sugar yield increased with the mashing time. When the mashing time reached 2 hours, the rate of sugar production became very low, which could be explained by the denaturation of enzymes. Considering the effect of temperature, the sugar yield at 50° C and 70° C was considerably low compared to other temperatures at any pH. At 4 pH, the lowest sugar yield was observed at 50° C and at 5.5 pH and 7 pH. Lowest sugar yield is observed at 70° C. pH values of 5.5 and 7 had yielded high sugar concentrations compared to 4 pH. As shown in Fig. 4 , the model had predicted the mashing behaviour fairly accurately at conditions considered in this work except at 50° C 5.5 pH, 65° C 7 pH and 70° C 7 pH where there was slight deviation from the experimental mashing curves. This deviation may have resulted from either and experimental error or a factor such as product or substrate inhibition, which was not considered in this model. These mashing curves justify the difference between experimentally determined activation energies for protonation and deprotonation of amylase. The activation energy of deprotonation of amylase is much higher than the activation energy for protonation. Thus, the deprotonation of Glu261, which inhibits the reaction at high pH values, is more likely to happen at higher temperatures compared to the protonation of Asp231. This behavior could be seen in Fig. 4 , where at 70° C, the sugar yield at 5.5 pH and 7 pH had decreased more drastically compared to that at 4 pH. The accuracy of the models at selected conditions were evaluated based on SSE, R 2 and Average absolute percentage error. Those results are shown in Table 3 . Table 3 at all conditions, the average error of this model was less than 10 %, and the R 2 has been greater than 0.95, which showed that this is a fairly accurate model to predict mashing behaviour.
Prediction of optimum mashing conditions
This model was used to predict the sugar yield after 2 hours at different temperatures and pH values. The results predicted by the model are given in Table 4 and graphically interpreted in Figure 4 . According to the predicted results, the maximum sugar yield can be obtained at 54-56 °C and 6.5 pH. This is slightly different from the optimum conditions of 50° C and 5.5 pH for amylase in barley malt as mentioned in literature (Greenwood & MacGregor, 1965) . However, as shown in Fig. 5 , the optimum temperature is heavily dependent on pH value, and the optimum temperature is high at acidic pH values. When the pH value reaches 4, the optimum temperature reaches 66° C. 
CONCLUSION
According to the semi-empirical model of the mashing process, sugar yield can be maximized at 56° C and 6.5 pH without external enzyme addition, and the optimum temperature increases as the operating pH decreases. Since the pH is not kept constant during industrial mashing process and the wort becomes more acidic during the mashing process due to the formation of organic acids, use of a temperature profile where the temperature is gradually increased within the range of 50-70° C in industrial fermentation can be justified. Apprehending the effect of temperature and pH on the mashing process through these results will be useful for Asian beer manufacturers in order to maximize sugar yield using the adjunct rice which is the main agricultural crop in Asian countries. Besides, since this model is based on a well established theory, this can be easily adjusted to predict the mashing behaviour for different raw materials and different sources of amylase. Possibilities of further research includes incorporating complex factors affecting the mashing process, including aggregation of enzymes, diffusion of substrate and enzyme and substrate and product inhibition. 
